Abstract
Introduction
Warm clouds are the simplest and most fundamental cloud systems from the viewpoint of cloud physics and dynamics.
The study of physical processes in such simple cloud systems may help in the understanding of more complicated cloud systems. The warm clouds around Hawaii are ideal for this research (Fig. 1) . Air subsiding over the north Pacific Ocean produces a strong inversion layer (2-3km).
This inversion generally limits cloud top heights to less than 3km, where the temperature typically is about 10*C. The cloud base usually is found at about 600m. Cloud types are determined largely by the vertical wind profile which, in turn, is caused by a combination of the strengths of three synoptic features: the polar westerlies, the north Pacific High and the near-equatorial ridge (Takahashi, 1981) . Cumuli are the most common cloud forms over the ocean. Strong, low-level winds cause band clouds along the windward coastline of Hawaii when warm, moist trade winds meet cool land breezes early in the morning. As the day progresses, a sea breeze front moves inland and crographic clouds are formed along the slopes of Mauna Kea and Mauna Loa mountains. Two international projects, "Project Shower (1955)" and the "Warm Rain Project (1965) ," helped to confirm the existence of the warm rain phenomena and raised many interesting scientific questions. Both projects were of short duration, however, and the research undertaken was limited by the time available.
Since 1969, both cloud electrification and precipitation mechanisms have been investigated with my collaborators in Hawaii through field observations, laboratory studies and numerical cloud models. This paper will review that work and then discuss some unsolved problems in order to encourage future research on phenomena associated with tropical rainfall.
Cloud electrification in shallow warm clouds
The research motif involved developed from observations made during the "Warm Rain Pro- ject" that a negative potential gradient occurs at the ground even though raindrops are predominantly electrified positively (Takahashi and Isono, 1967) . The electric field is too small for Wilson's ion induction theory (Wilson, 1929) to explain the magnitude of the raindrop charge measured. Warm cloud raindrops typically carry charges about three orders of magnitude less than the charges measured on raindrops falling from thunderclouds (Takahashi and Fullerton, 1972; Takahashi, 1973a) .
Observations began by investigating the electrical properties of stratocumulus clouds formed along Saddle Road between the mountains of Mauna Kea and Mauna Loa on the island of Hawaii. In the lower levels of the cloud, most cloud droplets were electrified negatively, while positively charged cloud droplets were predominant at higher levels. Drizzle drops were mainly electrified negatively (Takahashi, 1972; Takahashi and Craig, 1973) . These findings are similar to those of other workers (Imyanitov and Shifrin, 1962; Reiter, 1969) who observed a positive electric potential gradient near the cloud top and a negative potential gradient near the cloud base. These results suggest the existence of an excess of negatively charged particles in clouds.
During rain showers from shallow cumulus clouds near the coastline, small drizzle drops were observed to fall. The predominant charge on these drops was negative and a weak, negative potential gradient was measured at the ground. As the cloud grew to moderate size, positively charged raindrops prevailed and the negative potential gradient at the ground increased in magnitude.
Using a cascade impactor, many negatively charged particles were observed among the small particles (1-40*m) sampled during moderate showers (Takahashi, 1972) .
Observations were extended into the cloud using special radiosonde systems (Takahashi, 1975) . During the developing stage of a cloud, both cloud droplets and drizzle were predominantly electrified negatively.
Just above the cloud top, however, many positively charged raindrops were observed. When the cloud was shallow, negatively charged raindrops were predominant during the mature stage, but positive raindrops prevailed when the cloud size became moderate (cloud top *3km).
Near the cloud top, negatively charged small particles were found; those particles were later measured near the ground during the cloud's dissipating stage. These small particles carried a charge larger than the space charge calculated from the charge on raindrops.
During previous observations Takahashi (1972) noted that, under conditions of low humidity, many positively charged small particles were detected. With higher humidity, mostly negatively charged small particles were observed. He assumed the existence of ion-drop interaction during drop condensation and evaporation. Based on this hypothesis, he performed laboratory studies on the electrification of drops in a small, ion-rich environment (Takahashi, 1973b) . This work demonstrated that drops were electrified negatively during drop condensation, but became electrified positively during drop evaporation.
Other mechanisms which may be considered as possible charging processes in warm clouds are ion diffusion (Gunn, 1954) , ion induction (Wilson, 1929) , and polarization charging (Elster and Geitel, 1913) . Those mechanisms were considered using a one-dimensional numerical model (Takahashi, 1974) and an axisymm.etric cloud model (Takahashi, 1979) .
Although excess positive ions near the ground are carried into the cloud, producing an in-cloud excess of positive space charge during the developing stage, drops are electrified negatively due to greater mobility of negative ions and to charging during drop condensation. Instead of a positive space charge accumulating, as proposed by Grenet (1947) and Vonnegut (1955) , negatively charged particles accumulate in the cloud. At the cloud top positively charged cloud droplets are expelled by updrafts.
Above the cloud top, drops are electrified positively by drop evaporation charging. Some drizzle-size drops grow by collection and re-enter the cloud. Positively charged raindrops predominate after the dynamically mature stage. Polarization charging appears to be inefficient since the electric field is weak near the cloud top where drops collide frequently and drop charges are soon neutralized during subsequent collisions.
The excess ionic negative space charge formed near the cloud top is carried downward by downdrafts. The electric field profile at the ground is determined by these small, negatively charged particles since positively charged raindrops fall over a wide area and discharge their charge to the ground. The charge on positively charged raindrops is slightly reduced due to ion induction as they fall during the dissipating stage. Observations show that evaporation charging near the cloud top is the most important charge separation process in moderate-sized warm clouds. Positively charged raindrops have a role in the pro- duction of downdrafts which carry excess negative ions from the cloud top to the ground. These small ions become attached to small particles near the ground forming large and giant ions. When the cloud is shallow, however, small precipitation particles are electrified negatively by negative ion diffusion (caused by the higher mobility of negative ions and drop condensation charging), resulting in a negative potential gradient at the ground during rain. A positive potential gradient is observed at the ground after the shower, due to a remaining excess of positive particles. A schematic model of warm cloud electrification is shown in Fig. 2 .
Precipitation mechanisms of shallow warm cloud rainfall
Many investigators have been intrigued by the ease with which rain is produced in shallow clouds over oceanic trade wind areas (Squires, 1958; Brown and Braham, 1959 and Warner, 1969) .
In the early stages of the warm rain study, it appeared that large drops (40 *m in diameter) would be required at the cloud base to produce raindrops in shallow clouds (Bowen, 1950; Ludlam, 1951) .
These large drops were assumed to form on giant nuclei near the cloud base (Woodcock, 1952) . Woodcock, in his model, diluted the nuclei until their chlorine content was the same as that calculated in rainwater.
The resultant raindrop size distribution was then compared with the Marshall-Palmer distribution (Marshall and Palmer, 1948) . Woodcock failed to consider, however, the possibility of the chlorine concentration changing as drops grown on giant nuclei undergo collection.
Twenty years later, Woodcock et al. (1971) corrected the original thesis by measuring the I/C1 ratio in both nuclei and raindrops and showed the importance of 10-12 to 10-14gm nuclei in raindrop formation.
Two advances have been made since the early periods of warm rain study. One is the introduction of the stochastic process in drop collection calculations so that drops can grow faster than permitted in the classical continuous growth process (Telford, 1955) . The second is the improvement in calculations of collection efficiencies. The mutual interaction of two drops is considered in Oseen's form (Klett and Davis, 1973) . For large drops, a superposition method may yield a good approximation.
In this method each sphere is assumed to be moving in a stream caused by the fluid's motion around the other sphere in isolation (Shafrir and Neiburger, 1963) .
Based on these new advances, warm rain was simulated in a one-dimensional, time-dependent, cloud model (Takahashi, 1976; Takahashi and Lee, 1978) . The initial nuclei distribution was given by Juisto (1967) and Woodcock (1972) . The model demonstrated that giant nuclei do not contribute to warm rain development in maritime clouds. Instead, small nuclei (10-15gm or less) are the most important nuclei for rain development. Cloud droplets nucleated on small nuclei can grow fast enough, by condensation during upward movement, to initiate the collection process near the cloud top and so produce large drops.
Extensive aircraft observations were carried out around the island of Hawaii (Takahashi, 1981a) . Near the cloud base large cloud drops in very low concentrations occasionally were observed. In all probability, these large droplets grew on giant nuclei. At higher altitudes, the condensation and collection growth of small cloud droplets resulted in a greater number of large droplets; consequently, the contribution of the few large cloud droplets (grown earlier on giant nuclei) was negligible for drizzle drop growth. This observation confirmed recent numerical model results.
Aircraft observations also showed that the cloud droplet spectra broadened as the modal size droplet diameter began to exceed 30 *m. The relatively sharp cloud droplet distribution which exists before the modal size reaches 30 *m suggests that small scale turbulence (Almedia, 1979) contributes only slightly to drop growth. The growth rate of the modal size droplet, which depends on the humidity profile in the trade wind layer, determines the rate of raindrop formation near the cloud top. Major drop growth occurs near the cloud top where raindrops form and rainfall is initiated. The erroneous concept that raindrops are formed during their fall through the cloud (Bowen, 1950; Ludlam, 1951 ) is due to the assumption of a uniform updraft.
Within clouds the maximum updraft is observed in the upper portions of the cloud (Warner, 1970) . Both aircraft observations (Takahashi, 1981a) and numerical model results (Takahashi, 198lb) emphasize the importance for drop formation of the region where the updraft speed decreases with height near the cloud top. Within this layer drizzle grow by collection and begin to fall. These drops continue to fall until they encounter large updraft speeds in the lower levels of the upper part of cloud. The process continues until, finally, drops become large enough and acquire sufficient speed to fall through the maximum updraft layer. The relatively long "floating time" of drops above the maximum updraft level, combined with the high drizzle number concentration, appear to cause major drop growth in a thin layer near the cloud top.
The maximum updraft, in effect, selects out certain drops, yielding new peak-size raindrops. The raindrop size distribution is sharper than the Marshall-Palmer distribution. Collision-breakup (McTaggart-Cowan and List, 1975) helps to explain the sharp raindrop size distribution in warm rain cases (Takahashi, 1981b) .
A schematic model of the drop growth mode in warm clouds is given in Fig. 3. 
Extended research efforts

4A. Electrification in deep warm clouds
Studies of shallow warm cloud electrification were extended to deep warm clouds in order to investigate the intensification of electricity. Several workers report observing lightening from deep clouds (Foster, 1950; Pietrowski, 1960; Moore et al., 1960) . The island of Ponape (7*N, 158*E), near the equator, was chosen as an appropriate site to study electrification in deep warm clouds Thus peak size raindrops are formed near the cloud top. (F): These peak size raindrops grow by 20% during their fall through the cloud. Maximum updraft is 5-7ms-1. since the inversion level over Ponape is high and the strength of the inversion is weak (Fig. 4) .
During showers from deep warm clouds (tops about 5km high), the electric potential gradient at the ground is negative.
As the shower passes, the gradient slowly recovers to its original positive value.
Most raindrops are electrified positively (Takahashi, 1978a) . These characteristics are the same as those in Hawaiian shallow warm clouds although the magnitudes in the deep cloud are one order higher. However, the electric potential gradient at the ground during warm Fig. 4 Location of the observational site, the island of Ponape, Micronesia (7*N, 158*E).
rain showers appears limited to 1kV*m-1. As clouds develop into thunderclouds (reach the -40* level; see Fig. 5 ), large negatively charged raindrops are frequently observed. The surface electric potential gradient increases to large negative magnitudes (*1kV*m-1) and is characterized by a brief positive excursion within an otherwise large negative potential gradient trend.
The presently used radiosonde system involves two modifications of the earlier instrument (Takahashi, 1978a): (1) Two vertical rods, located outside the instrument housing, have polonium tips which are used to measure the electric field; (2) When particles are graupel, they are carried by the rolling paper to the edge, collected by a bar 2mm above the paper and forced to fall through a vertical cylinder. Graupel in the cylinder is measured with a small photodetector which monitors changes in the strength of the light source (Fig. 6A) .
Radiosonde flights in deep warm clouds revealed many positively charged raindrops. The variation in the vertical electric potential gradient with height indicates the existence of an excess negative space charge within the cloud (Fig. 6B) . These findings showed that the principal charge carriers in deep warm clouds are not raindrops but small particles, probably ions, as were noted in the shallow warm clouds around Hawaii.
When the radiosonde package was sent into thunderclouds, both positive and negative precipitation particles and graupel were detected in the main cloud region (Fig. 6C) .
The sign of the precipitation particle charge coincides with that deduced from the change in the vertical electric field with height when the T. Takahashi 513 Fig. 5 Thunderclouds over the ocean near the island of Ponape.
particle is large or highly charged (100pc), as seen at the 8km and 9km levels. The apparently small magnitude of the negative space charge due to particles probably is a result of the low sampling rate of the present radiosonde. At 10 km, the electric sign of the space charge due to precipitation particles was different than that expected. This suggests the importance of the small particle charge, especially when precipitation particles are small. Observations show that the electrical properties of Hawaiian shallow warm clouds and deep warm clouds are quite similar. However, tropical thunderclouds have different electrical characteristics: the charge distribution varies vertically from positive to negative to positive, a structure also observed in middle latitude thunderclouds (Simpson and Scrase, 1937 ). An additional charge separation process is required to explain the negatively charged precipitation particles which are expected to be the major charge carriers in thunderclouds.
This mechanism may be related to the ice phase, probably in graupel formation. Laboratory studies (Takahashi, 1978b) on riming electrification showed high electrification during riming and have helped to explain both the positively charged graupel near the freezing level and the negatively charged graupel in colder regions (Fig. 7) .
The infrequent occurrence of lightening in oceanic tropical regions (Orville, 1981) may be due to the large cloud water content in tropicall clouds, where only weak riming electrification would be expected according to laboratory studies. However, more precise information on the physical properties of such clouds is required to confirm this hypothesis.
4B. Further work on shallow warm clouds (1) Drop growth near the cloud base
Aircraft observations indicate that cloud droplets must attain a modal diameter of 30 *m during their upward movement if large drops are to form by collection (Takahashi, 1981a) . The faster the cloud produces such critical size droplets, the more rainfall is expected. The growth rate of such critical size droplets is determined mainly by the cloud droplet size distribution at the cloud base (Fig. 8) .
When upper-level divergence exists above the Hawaiian Islands and the trade wind layer is very moist, a cloud droplet modal diameter as large as 20pm has been observed, even at 100m above the cloud base. Large supersaturation must be assumed to explain such a high growth rate by condensation.
Supersa,turation at the cloud base must be measured under various meteorological conditions to explain the formation of large cloud droplets near the cloud base. Below the freezing level the electric field may be disturbed by point discharge. Precipitation particles below the freezing level may be particles fallen from previously developed cloud cells. Fig. 6B : The electrical charge of particles (dots), particle space charge (solid line) and the electric potential gradient (dashed line) measured during warm rain (Oct. 24, 1979) . Tick marks along the left side of the vertical axis indicate the altitude of the radiosonde at 1min intervals.
(2) Accumulation process of rainwater in band clouds Rainshowers beneath the cloud base were followed by aircraft (Takahashi, 1977b) . Rainfall from band clouds lasts longer and is more intense than that from isolated clouds (Fig. 9) . In band clouds, a large water accumulation was observed during raindrop fall within the cloud (Takahashi, 1981a) . Since the collection efficiency between raindrops and cloud droplets is low, drizzle-size drops must be responsible for the large accumulation of rainwater in band clouds.
Two reasons for this large drizzle accumulation may be considered.
One explanation involves mesoscale convergence in band clouds. Lowlevel, moist air supplied at the cloud base causes considerable supersaturation which permits cloud droplets to grow large. The moist environment within band clouds may also act to minimize the in-cloud water dilution by lateral diffusion at cloud boundary. A second method of accumulation may involve recirculation by cell-cell interaction. Band clouds usually consist of about three cells. Droplets may circulate from one cell to another accelerating the drizzle growth rate. Another explanation may be related to dynamical structure. Special airflow patterns may occur in band clouds and so enhance high drizzle accumulation. These hypotheses need to be studied in future observational programs. (3) Cloud condensation nuclei Numerical models show that giant nuclei do not contribute significantly to warm rain development. Instead, small nuclei (about 10-15gm) appear to be the most important (. Takahashi, 1976; Takahashi and Lee, 1978) . The origin of such small nuclei, however, has not yet been determined.
Continuous cloud nuclei measurements in Hilo, Hawaii, show that very large concentrations of nuclei appear under certain synaptic conditions: upper-level divergence, polar' westerlies and upper-level lows (Fig. 10) . In these cases the nuclei may be supplied to the trade wind layer from upper-level continental air masses. However, large concentrations of nuclei also were observed as tropical cyclones approached the island, suggesting an origin in the sea surface. The nuclei must be analyzed chemically to determine their true source. (4) Cloud model
A three-dimensional model will be needed to eliminate the lateral constrains on cloud simulation. Recent three-dimensional numerical cloud models reveal strong interaction between the microphysics and dynamics in clouds under wind shear conditions (Klemp and Wilhelmson, 1978; Schlesinger, 1980) . Recently, warm rain was simulated in a threedimensional model without parameterization of the microphysics. Model results show that in the absence of wind shear, the maximum cloud droplet, drizzle, and raindrop mixing ratios near the cloud top occur at almost same location (Fig. 11, Takahashi, 1981b) . With wind shear, however, drizzle drops form and fall on the downshear side. The downdraft, strengthened by drag forces, moves the upper-level easterly component (formed to compensate for the strong outflow near the cloud top) downward. During rain the cloud moves faster to the west because of the easterly momentum transport by the downdraft and strong easterlies blow at the surface. With wind shear rain begins earlier, but the rain is light. Rain falls initially in a narrow region at the surface, with the rainfall intensity concentrated on the upwind shear side, since the rain is blocked by updrafts. On the other hand, in the tropical areas of East Asia, more research on the cloud physical properties of deep warm clouds is urgently required.
Conclusion
After reviewing electrical and warm rain precipitation processes in shallow maritime clouds in the tropics, several future research studies were proposed. They involve the following:
(1) The electrical structure of deep warm clouds and their differences with tropical thunderclouds, including the ice phase.
(2) The accumulation process of rainwater in band clouds.
(3) The identification of the physical nature and origin of small cloud nuclei.
(4) Warm rain mechanisms in deep clouds.
